The band-edge optical absorption in EuTe is studied in the framework of the 5d conduction band atomic model. Both relaxed antiferromagnetic order, and ferromagnetic order induced by an external magnetic field, were analyzed. For ferromagnetic arrangement, the absorption is characterized by a hugely dichroic doublet of narrow lines. In the antiferromagnetic order, the spectrum is blueshifted, becomes much broader and weaker, and dichroism is suppressed. These results are in excellent qualitative and quantitative agreement with experimental observations on EuTe and EuSe published by us previously ͓Phys. Rev. B 72, 155337 ͑2005͔͒. The possibility of inducing ferromagnetic order by illuminating the material at photon energies resonant with the band gap is also discussed.
I. INTRODUCTION
Europium chalcogenides ͑EuX͒ have for a long time attracted interest because of the huge magnetic moment associated with the lattice sites occupied by europium. It was early envisaged that a high density of magnetic moments in a crystal transparent in the visible range could be used for the construction of unique magneto-optical devices. 1 The drawback, however, is the low critical temperature above which magnetic order is destroyed in EuX, and effort has been employed to raise their critical temperatures by introducing dopants 2 or mechanical strain. 3 The interest in EuX was invigorated with the advent of spintronics, whose implementation depends on materials in which it is possible to control the electronic spin and the ferromagnetism externally. 4 Spintronic devices require a source of spin-polarized electrical current, 5 and EuX is considered to be a candidate material for spin filtering. 6 Using ferromagnetic EuO quantum structures, it is possible to produce spin-polarized currents reaching 100%, 7 which is larger than the theoretical limit for conventional semiconductor quantum structures. 8 Light-induced magnetic order 9 in materials is also an interesting effect for spintronic applications, 10, 11 which has not yet been explored in EuX.
To foresee potential applications of EuX an understanding of their electronic band structure is required. However, basic open questions concerning the nature of their band-edge energy structure still remain. Recently, narrow lines in the band-edge absorption spectra of EuTe and EuSe in the ferromagnetic order were discovered 12 ͑the ferromagnetic order was induced by an external field͒. These lines showed a huge magnetic circular dichroism. It is not yet possible to explain these observations on the basis of first-principle numerical ͑ab initio͒ modeling of EuX, since the results of this type of calculations are not accurate enough, because of the complexity of Eu, which is a heavy atom with many electrons in internal cores. On the other hand, much insight into the band structure can be gained by using so-called semiempirical atomic analytical models, which are based on parameters obtained from experimental observations for these materials. 13 Such models provide the basis for the present understanding of the main EuX magneto-optical characteristics. 14, 15 In the 5d conduction band model, the band-edge absorption is associated with electronic transitions from a strongly localized 4f 7 state to a narrow conduction band state built from 5d atomic orbitals of the Eu 2+ , split by the crystal field. Various energy level schemes have been attempted to describe the band-edge electronic structure in EuX. [16] [17] [18] [19] Although the main gross magneto-optical properties could be described, a description of the band-edge absorption failed ͑see discussion in Ref. 15 . Although an old problem, it has not been resolved to this day, and it is the subject of the present paper. In our previous investigation we showed that the 5d conduction band model could explain very well the sharp and dichroic absorption lines seen at high magnetic fields, when the arrangement of the Eu 2+ was ferromagnetic. 12 However, it remained unclear why the narrow absorption lines, seen in high magnetic fields, disappeared almost completely when the magnetic field was removed, and the absorption coefficient decreased. It was speculated that the large dependence of the oscillator strength on the magnetic field could be associated with electron-hole interaction effects; 12 however, subsequent analysis showed that this hypothesis was unlikely. 20, 21 In this paper, we show that the ͉4f
6 ͑ 7 F͒JM J ; X͘ energy level scheme used in Ref. 12 to describe the absorption edge in high magnetic fields can also describe accurately the zero field spectrum, if the model is extended to incorporate the multiple antiferromagnetic domain arrangement of the Eu 2+ spins that occurs at B =0. 14 The incorporation of an antiferromagnetic ͑AF͒ domain structure leads to a broad absorption spectrum with no resolved features, in agreement with experiment. It is shown that the extended model provides a faithful quantitative description of absorption both at high and zero magnetic fields. Furthermore, as a by-product, the extended model allows for the calculation of the dependence of the absorption spectrum on the direction of light travel in respect to the crystalline directions, and it is found that only a weak absorption anisotropy exists. The results allow us to speculate on the possibility of inducing ferromagnetic order in EuX by illuminating the sample with light resonant with the band-edge absorption. It is predicted that, due to the d-f exchange interaction, a photoexcited electron can induce a robust ferromagnetic alignment of the Eu 2+ spins in a region whose dimension has a characteristic radius of R ϳ 10 Å.
II. MODEL
It is well-accepted that the 4f 7 electrons of the Eu 2+ ions in the EuX crystal lattice are the highest energy electronic levels occupied at T =0 K. 14, 15 Hence, from Hund's rule, the valence band in EuX is described by a localized state 4f 7 ͑ 8 S 7/2 ͒. The band-edge absorption of EuX is then described by electronic transitions from the 4f 7 ͑ 8 S 7/2 ͒ to the lowest energy conduction band. It must be taken into account that when an electron is removed from the 4f 7 ͑ 8 S 7/2 ͒ state, a strong spin-orbit interaction arises between total orbital and spin momenta of the six remaining core electrons, and consequently the core can be left behind in one of seven different states, namely, the 4f 6 ͑ 7 F͒JM J , where J = 0 , . . . , 6 states. According to the Landé interval rule, the energy of these core states is given by E J = 1 2 J͑J +1͒ 4f , where 4f is the spinorbit energy constant for the 4f 6 electrons. To describe the lowest energy conduction band, the 5d conduction band model has been proposed. 16 In this model, the 5d orbitals of the Eu 2+ ions, split by the crystal field and resonantly coupled throughout the crystal lattice, give rise to a narrow conduction band. EuX has an fcc crystal structure, hence the Eu 2+ ions are located in a crystal field of octahedral symmetry. The 5d level splits into a low energy t 2g threefold degenerate energy level ͑described by orbitals d xy , d yz , and d zx ͒, and a high energy e g twofold degenerate energy level ͑described by orbitals d z 2 and d x 2 −y 2͒. The splitting between the t 2g and the e g manifolds is estimated to be greater than 1 eV, 14, 15 hence for the band-edge absorption spectrum the e g states can be ignored. The 5d͑t 2g ͒ state is further split by the spin-orbit interaction; 12, 16 however, previous investigations have indicated that this splitting has only a minor influence on the spectrum. 12, 22 This is explained by the broadening of the atomic energy levels into a conduction energy band, which washes out the fine structure in the t 2g manifold, and for simplicity this spin-orbit interaction is ignored in the present analysis.
In the framework of the level scheme described, the contribution stemming from the 5d conduction band to the bandedge absorption is connected to electronic transitions
where X represents one of the three orbital states in the 5d͑t 2g ͒ subset ͑d xy , d yz , or d zx ͒, and represents the spin state of the electron in the X state. The electric dipole matrix element, associated with such an electronic transition, for circularly polarized light, is given by
where the ͑ 7 F͒JM J states were expanded in terms of spin where the excitation occurred͒, the property
resent the coordinates of the kth electron perpendicular to the direction of light propagation, and the plus ͑minus͒ superscript holds for right-hand ͑left-hand͒ circularly polarized light. The summation over k can now be done by noting that the many-electron matrix element on the right-hand side of Eq. ͑1͒ is equivalent to a single electron matrix element, namely one that connects a 4f orbital, with m =−M J + 3, and an X orbital. Therefore Eq. ͑1͒ can be rewritten as
To calculate the matrix element ͗4fm͉z͉X͘, the wave functions must be brought to the same reference frame that is used to describe the propagating light. This can be done using Wigner rotation matrices D mm Ј ͑j͒ ͑␣ , ␤ , ␥͒ ͑explicit forms of these matrices are given in Ref. 23͒. For instance,
where ␣ S , ␤ S , and ␥ S are the Euler angles that transform the reference frame used to describe the ͉4fm͘ state ͑in which the z direction is the angular momentum quantization axis for the 8 S 7/2 state͒ into the reference frame for light propagation ͑in which light travels along z͒. Similarly, since the X states are linear combinations of ͉5dmЈ͘ orbitals, i.e., X = ͚B͑X , mЈ͉͒5dmЈ͘ ͓for instance, if
, all other B͑X , mЈ͒ =0͔,
where ␣ c , ␤ c , and ␥ c are the Euler angles that transform the reference frame of the crystal structure ͑in which the z direction is parallel to the crystal direction of Miller indices ͓001͔͒ into the frame for light propagation. ͑For example, if light travels along ͓111͔, and the Eu 2+ spins are oriented along ͓112͔, then ␣ c = / 4, ␤ c = arctan ͱ 2, ␤ S = / 2, and ␥ S = , while ␥ c and ␣ S can take arbitrary values because only the z direction is strictly defined in the ionic spin and photon reference frames.͒ With the substitutions of Eqs. ͑3͒ and ͑4͒ in Eq. ͑2͒, the dipole matrix elements can be calculated for any direction of light in respect to the crystalline axes, thus for a given direction of quantization of the Eu 2+ spins in the crystal,
where the matrices M m 1 m 2 ± = ͗4fm 1 ͉x ± iy͉5dm 2 ͘ ͑m 1 =−3, ... , +3 and m 2 =−2, ... , +2͒ are obtained using the explicit form 24 of the angular part of the atomic ͉4fm͘ and ͉5dm͘ wave functions, 
͑6͒
In Eq. ͑6͒, r df = ͐R 4f ͑r͒R 5d ͑r͒r 3 dr is the 4f-5d radial integral, which is treated as an adjustable parameter, due to the deformation of the atomic orbitals by the crystal field. For the left-hand circularly polarized light dipole matrix element, the result is M pq − = ͓M −p,−q + ͔ * . The change in the energy of the electronic system in the transition is given by ⌬E = E J + E X , where E X is the energy of the electron in the final state X. Using the dipole matrix element ͑5͒, the band-edge absorption coefficient, at a photon energy ប, will be given by
where N =4/ a 3 is the volume density of Eu 2+ ions, and a = 6.600 Å is the EuTe lattice parameter.
To complete the picture, the magnetic order of the lattice must be taken into account. At zero external magnetic field, below the Néel temperature, the order of the spins is antiferromagnetic. The Eu 2+ spins lie in the ͕111͖ planes, and since there are four equivalent such planes, a sample of EuTe will consist of four groups of domains ͑so-called T domains͒, each associated with a particular ͕111͖ plane in which the spins lie. Additionally, within each T domain, the spins are aligned along one of three ͗112͘ equivalent directions, hence each T domain contains three so-called S domains, in which the spins are oriented along different ͗112͘ directions.
14 For a given direction of light travel, there will be altogether 24 possible Eu 2+ spin orientations in the path of light, which are assumed to occur with equal probability. The absorption spectrum will then be given by Eq. ͑7͒, averaged over all these 24 different orientations:
͑8͒
where E G = E X represents the gap energy, the minimum energy transition at zero magnetic field. The situation becomes simpler when the sample is submitted to an external magnetic field, strong enough to align all Eu 2+ spins. Under this condition, due to the d-f exchange interaction, the energy of the electrons in the ͉X͘ state is decreased by J df S ϳ 150 meV, 25 relative to their energy when the order of the spins in the lattice is antiferromagnetic. Therefore in the high magnetic field limit the absorption spectrum will be given by
͑9͒
Equations ͑8͒ and ͑9͒ are of course approximations. Observed spectral absorption lines are not infinitely sharp but possess a finite width, and the excited state ͉X͘ is not a strictly discrete energy level, but rather a state within a narrow conduction band that decays with a characteristic lifetime back to the original lower lying available levels. To bring the theory closer to the experimental situation, Dirac's ␦-function line shape in Eq. ͑7͒ was substituted by a symmetric Voigt function, built from a Lorentzian and a Gaussian of equal full widths at half maximum ͑FWHM͒. The FWHM of the Voigt function was fixed at 65 meV, which gives a good description of the absorption onset, as previous experiments on EuTe and EuSe have indicated. 12, 21 Parameter FWHM is in fact a measure of the energy width of the 5d conduction band: since the 4f 7 ͑ 8 S 7/2 ͒ state is strongly spatially localized in the Eu 2+ ion, optical transitions to any k point of the Brillouin zone of the 5d extended states can take place. As a result, the absorption coefficient, associated with a fixed final state of the Eu 3+ core, will be approximately proportional to the density of states of the 5d conduction band.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show the calculated band-edge absorption spectra of circularly polarized light of EuTe in the Faraday configuration, using a Voigt broadening function of FWHM= 65 meV, for light propagating along the crystalline directions ͓001͔ and ͓111͔, using Eqs. ͑8͒ and ͑9͒. The parameters entering these equations were fixed at values: J df S = 150 meV and E G = 2.321 eV, obtained from the best-fit analysis of the redshift of the absorption when a magnetic field is applied, 25 and 4f = 9.6 meV, r df = 0.18 Å, obtained from the line shape of the absorption spectrum under induced ferromagnetic order. 12 Spectra shown in Fig. 1 are labeled as RHCP or LHCP, meaning that the circularly polarized photons carry an angular momentum whose projection is +ប or −ប, along the direction of light travel, respectively.
When the sample is submitted to a magnetic field that aligns the Eu 2+ spins antiparallel to B, the direction of circular polarization can also be indicated by a label ± , meaning that the component of photon angular momentum parallel to the direction of the applied magnetic field is ±ប. As Figs.  1͑a͒ and 1͑b͒ show, the ± spectra taken either in the ͓001͔ or in the ͓111͔ direction, are almost identical and have the same characteristics, namely: ͑1͒ under a strong magnetic field, which imposes ferromagnetic ordering of the Eu 2+ spins, absorption is strongly dichroic; ͑2͒ when the magnetic field is removed, the absorption spectrum blueshifts, becomes much broader, and the absorption coefficient becomes smaller; and ͑3͒ at B = 0, dichroism is suppressed, as expected for an antiferromagnet, due to symmetry. These results are in remarkable agreement with published experimental measurements of the absorption spectra taken in the interval 1.8-2.5 eV. 12, 21 At energies higher than 2.5 eV, the experimental absorption increases monotonously, due to optical transitions to electronic states of higher energies. 12 These states were not included in the theory, therefore our model is useful to describe only an energy interval of length ϳ400 meV at the absorption onset ͑the 2.0-2.4 eV interval in EuTe͒. For light traveling along other crystalline directions, our calculation shows that the absorption spectra for either ferromagnetic or antiferromagnetic order remains nearly the same as in Figs. 1͑a͒ and 1͑b͒, thus the absorption is almost isotropic. The theoretical model described in this paper can also be used to calculate the absorption spectrum for any magnetic field value and orientation, and a detailed comparison with experimental data for a range of magnetic fields is presented in Ref. 26 .
An interesting question is whether light can be used to induce ferromagnetic order in EuTe, since the ability to externally control the magnetic properties of materials is desired for application in spintronic devices. 10 If in the ground state the order of the Eu 2+ spins is antiferromagnetic ͑at B =0͒ or disordered ͑above the Néel temperature͒, once an electron is transferred optically to an extended 5d͑t 2g ͒ state, the excited electron can reduce its energy by aligning around itself the spins of the Eu 2+ with its own, through the d-f exchange interaction. The excited electron wave function would then be accompanied by a surrounding cloud of ferromagnetically aligned Eu 2+ spins, forming a so-called magnetic polaron. By aligning all the Eu 2+ spins in its neighborhood, the electron reduces its energy by J df S = 150 meV. 25 EuTe is an antiferromagnet of the second kind, 27 therefore the energy required to flip an Eu 2+ spin is ␦U =12͉J 2 ͉S 2 , where J 2 = −1.30ϫ 10 −5 eV ͑Ref. 14͒ is the second neighbor Eu 2+ -Eu 2+ superexchange interaction constant, and S =7/ 2. The Eu 2+ spin-flip energy cost favors spatial localization of the 5d͑t 2g ͒ electronic wave function in a finite volume. However, as the wave function is compressed, the stored kinetic energy increases, whose order of magnitude can be estimated from K ϳ ប 2 2m 0 R 2 . Thus the total energy change of the 5d͑t 2g ͒ wave function, for a radius of localization equal to R within which the Eu 2+ spins are flipped into a ferromagnetic arrangement, will be given by ⌬E͑R͒ϳ−J df S + K + gyromagnetic factor for Eu 2+ , J =7/ 2, and B is Bohr's magneton. Such a light-induced magnetic moment could be easily detected using sensitive pump-probe optical techniques, pioneered over the last decade ͑see, for instance, Ref. 28͒. The estimated value R ϳ 10 Å coincides with the radius of localization, which was previously estimated by an experimental study of the broadening of the band-edge + absorption line in Pb x Eu 1−x Te, associated with stochastic alloy disorder. 21, 25 
IV. CONCLUSIONS
Light absorption was investigated in both relaxed ͑antifer-romagnetic͒ EuTe and in EuTe submitted to a magnetic field large enough to impose ferromagnetic order. Only the contributions to the band-edge absorption coming from the 5d conduction band was taken into account, and it is in outstanding agreement with experimental observations in an interval of photon energies of about 400 meV above the onset of absorption. These results show that the band-edge absorption in EuX can be fully described by the ͉4f 7 ͑ 8 S 7/2 ͒͘ → ͉4f 6 ͑ 7 F͒JM J ; X͘ energy level scheme, both in high magnetic fields when the spin arrangement is ferromagnetic, and in zero magnetic field when the sample is broken into a multiple antiferromagnetic domain structure. Photons traveling in different crystalline directions were considered, and it is found that the absorption spectrum is nearly isotropic, with the same features. For ferromagnetic lattice order, the absorption spectrum is described by a doublet of circularly dichroic absorption lines ͑splitting 200 meV͒. For antiferromagnetic spin order, the absorption spectrum blueshifts and becomes weaker and broader, and circular dichroism is suppressed: these results can be traced to the formation of antiferromagnetic domains that are inherent to EuTe. Based on these results, one might predict that ferromagnetic order in the lattice, in the vicinity of the Eu site where the excitation occurred, could be induced by light, because of the strong d-f exchange interaction, which will favor ferromagnetic alignment of the Eu 2+ spins with the spin of the excited electron. Such light-induced magnetism is a prospective ingredient in spintronic devices. 4 The results described for EuTe should be also valid for EuSe, whose band-edge absorption spectrum shows the same features as EuTe. 
